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SUMMARY 


Charts are presented to show; the pressure rise that 
is obtainable in an engine-cooling installation vvrith a 
typical air.foi 1- type propeller-speed fan. The charts 
cover fans of the stator-rotor, rotor-stator, and rotor 
alone configurations, with blades Incorporating both the 
highly cambered 65 -series blower-blade sections and the 
conventional low-carabered airfoil sections. The effects 
of operation of a geared fan with rotational speeds 
limited by compressibility considerations and the effects 
of initial rotational inflow are indicated. Use of the 
charts to predict the pressure rise obtainable with any 
fan of the types considered is illustrated in a sample 
calculation. 

The cooling pressure rise obtainable with a propeller- 
speed fan at lovi/ altitudes is shown to be large and may 
be sufficient for most installations. At high altitudes 
the pressure rise is small. Of the three configurations 
operating as propeller-speed fans, the stator-rotor 
arrangement is shown to furnish the highest pressure rise. 
The pressure rise obtainable at a given flight velocity 
Increases with increasing fan- velocity ratio. A geared 
fan is shov>rn to have a possible pressure rise of approxi- 
mately 95 inches of vi/ater at sea level and I 8 inches of 
water at 14 . 0,000 feet when the m^ean relative Mach number 
at the tip is 0 . 8 . 

Rotational inflow in either direction is shown to 
'cause an increase in pressure rise directly across the 
fan with the stator-rotor arrangement. The pressure rise 
obtainable with a rotor alone is decreased by rotational 
inflow in the direction of fan rotation and increased by 
inflow in the opposite direction. The pressure rise 
obtainable with a rotor-stator may be either increased 
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or decreased by inflov/ in the direction of fan rotation 
and is Increased by inflow in the opposite direction. 


INTRO DOC TION 


Higher pressure rise than was previously thought 
possible is now obtainable with axial-flow cooling fans. 

In a recent investigation (reference 1) of a family of 
KACA 65 -series blower-blade sections tested in cascade, 
it was shown that values of the product of solidity o 
times section lift coefficient cj as high as I .3 may 
be obtained with highly cambered airfoils. Previously, 
a value of cj “ 0 .?, for solidities of about unity, has 

been considered approximately the maximum lor fan design 
(reference 2), with the low-carabered R.A.F. o type of 
airfoil section in 'general use. 

The present paper contains charts showing the pres- 
sure rise" that is obtainable in an engine-cooling instal- 
lation with a typical airfoil-type propeller-speed fan 
both with highly cambered 65-series blower-blade sections 
and with conventional low-c-ambered sections. These charts 
have been nrepared for single-stage fans having a rotor 
alone, a stator follQv;ing a., rotor, and a rotor following 
a stator. Additional charts have been prepared to indi- 
cate the effects of operaticn of a configuration for ^ which 
the rotational speeds are limited only by compressiblli L-y 
effects (such as a geared fan) and the effects of rota- 
tional inflow, as caused by k tractor propeller. Material 
has been included to make the charts applicable to uhe 
deteimiinatlon of pressure rise obtainable with fans of 
any given dimension at any operating condition. 


SYIvfBOLS 


a velocity of sound, feet per second 

A area, square feet 

b blade section chord, feet 


3 


number of blades 
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section lift coefficient 


fan dia^ieter at section, feet 


^ ^ ^ 1^3 1600 ^f\ 

fan periormance coefficient ( — . — 

V<3 n v„y 


'an perfontiance coefficient 


Mach number (V/a) 


2 1600 V 

d n / 


‘■T 


yt/'^oy 


rotational speed, rpm (except ?/hen otherwise 
no ted) 

rotation parameter ^cor/Vp') 

fan static-pressure rise, inches of water 

/pv^\ 


2 


dynamic pressure, inches of water 
axial dynamic pressure at fan, inches of water 

(V-) 


radius at a section, feet 
outside radius of fa.n, feet 

absolute tangential velocity, feet per second 


absolute velocity, feet per second 
axial velocity at fan, feet per second 

mean relative velocity at rotor, feet per second 
radius ratio (r/R) 

stagger angle; angle between relative entering 
air to rotor and fan axis, degrees 
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angle of Initial rotational inflo'w to fan, degrees 

-1 ^ 

Vf 

turning angle, degrees 

ratio of specific heats (I.I 4 . for air) 

/APactual 
efficiency { — 

V ''Pi 

mass density of air, slugs per cubic foot 
solidity 

angular velocity of rotating blades, radians per 
second 






Subscripts : 
f at fan 

h hub 

i ideal 

o free stream 

0 zero rotational inflow 

out outside 

p behind propeller 

r rotor 

,r-s rotor-stator 

s stator 

s-r stator-rotor 

W mean relative velocity 
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primes on symbols indicate condition of initial 
rotational inflow. 


CONSIDERATIONS APPECTING PRESSURE RISE 
Formulas for Pressure Rise of a Pan Element 


design 


detailed discussion of axial-f lov;-f an theory and 
may be found in reference 2, in which equations 


are derived for the ideal nressure-rise coefficient 


i/«f 


of a fan blade element (assumed Independent of its neigh- 
boring elements) in terms of the. rotor ocj and N of 
the element,. The ideal p,ress.i.are rise is defined as the 
pressure rise that would occur in a frictionless fluid. 
These equations are derived, on the basis of incompressible 
flow for single-stage fans of configurations having 
(1) the stator upstream of rotor, (2) the rotor upstream 
of stator, and (5) the rotor alone. These configurations 
are designated stator-rotor, rotor-stator, and rotor, 
respectively. The ideal pressisre rise', expressed in 
coefficient form, for each of these configurations is 
given in reference 2 as: 


Stator-rotor: 



/ 


( 1 ) 


Rotor-stator: 




r-s 


( 2 ) 
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Rotor; 



The velocity diagrams corresponding to each arrangement 
are presented in figure 1. 

The stator-rotor and rotor-stator equations were 
derived on the ass’anption that no rotational velocity 
exists upstream or dowfnstream of the stage and, therefore, 
the ideal static-pressure rise is equivalent to the ideal 
total-pressure rise. The ideal total-pressure rise for 
the rotor alone is equal to that of a similar rotor- 
stator, inasmuch as no change of total energy takes place 
in the flow through the stator. 

The ideal pressure-rise coefficient obtained from 
reference 2' is plotted as a function of N for values 
of oci of 0.7', 1.0, and I.3 in figure 2. 


Formulas for Average Pressure Rise in the Annulus 

The design criterion for the constant-velocity fan 
(that is, a fan through which the axial velocity of the 
flow remains uniform), also known as the free-vortex fan, 
is that the circulation around each blade element is con- 
stant radially. For this type of fan, the greatest value 
of ac^, occurs at the blade hub and for the rotor-stator 

and stator-rotor configurations the ideal pressure rise 
is constant radially at the design point. If, therefore, 
(hcj)^ and Nv^ are known, the average ideal pressure 

rise for the stator-rotor and rotor-statpr may be deter- 
mined from figure 2. 

In the determination of the average ideal pressure 
rise for the rotor alone, equation (5) and the rotational 
static-pressure loss averaged over the fan disk area may 
be used. The average loss is 
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Average- rotational • loss •“ 


1 : 1 


A 


IN 


.2 V 


dA 


r-s 


i If y 

\ ^ / r-s 


2 K .._.2 (1 - x ^) 


log 


out 


1,0 




Thus, the average ideal static-pressure rise for the rotor 
is 
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2N 


out 
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1 - X 
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log 
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1.0 

^h 


ik) 


.In order to detersalhe- the actual pressure rise, the 
various fan losses such as profile drag, tip clearance, 
and hub boundary losses should be subtracte'd frqrfi the 
average ideal pressure rise. For the purposes of estima- 
tion, it is sufficient to multiply the ideal pressure 
rise by an estimated efficiency to find the actual pres-- 
sure rise; thus 


Ap 


actual 


pAPi 


For a cooling-fan installation v/ith the fan operating at 
its design point with uniform entry-flow conditions, a 
value of T) = 0.80 may be considered representative. 

When the entrj^ flow is nonuniform, as in a covifling instal- 
lation at a high angle of attack, the efficiency may be 
considerably less than O.8O. • 


Ma.xlmum Obtainable Design ocj and Pressure Rise 

The conclusion was reached in reference 2 , after a 
survey of the limited cascade data available, that the 
maximum design, cj of a rotor airfoil in cascade was about 0,7» 
The airfoils tested in cascade up to that time -were low- 
cambered sections of the R.A.F. t type generally, used in 
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azial fans. Since then, the cascade test-j reported 
In reference 1 have been conducted, and the more highly- 
cambered low-drag sections tested vi»ere found to prod’ace 
much hi^er lift coefficients. The data also show that oj 

alone cannot be ixsed as a criterion, since the mazimuEi 
value of cj suitable for design will vary with solidity 
and stagger. 

In the investigation of reference 1, the NACA 65-series 
blov;er-blade sections ranging in camber from free-air 
design lift coefficients of 0 to 1.8 were tested at_ 
solidities of 1.0 and I.5 and at stagger angles of 45° 
and 60°, The design, point of a section was defined as the 
point at which a reasonably flat pressure distribution 
existed on the suction surface of the airfoil. The 
results indicate that a design value of ccj of I.5 can 

be obtained for stagger angles up to 6o°. Unpublished 
results from the investigation of reference 1 indicated 
that values of ac^ greater than I.3 can be obtained at 

stagger angles equal to and less than i|-5°* Tii the calcula- 
tions presented herein, however, it will be conservatively 
assumed that the maximum obtainable value of ac^, for a 
rotor is I.3 for stagger angles up to 6o°. Although the 
tests were not conducted at stagger angles greater than 60^, 
the trends shown by the results indicate that the maxim'^am 
design oci will be less than I.5 in this region. In 
the calculations of the obtained at maximum pressure 

rise from fan test data (reference 3)> the maximum cj was 

also found to drop in the high stagger range. In this 
range of stagger angle the pressure rise is high, and the 
stall of the blades is accelerated by the thickening end 
separation of the boundary layer because of the steep 
pressure gradient. 'For stagger angles greater- than 60°, 
the criterion for blade stall may therefore be expected 
to be the pressure rise relative to the mean relative 

dynamic pressure at the blade Ap/q-^T ^where “'2^^ 
rather than the blade-loading factor ac^. 

The value of Ap.y^q,^^ for acj = I.3 at 60° stagger 

Is 0.98 and, in the absence of more com.plete experimental 
information. It will be assumed herein that for stagger 
angles greater than 60°, this value is a maximum for 
design pu.rposes. The maximum ac^ obtainable for design 
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w&s calculated following this assumption and values of 
maximum* aoi are plotted in figure J as a function of 

stagger angle. The .equation for stagger angle for the 
rotor-stator and rotor is 

tan p = N 

and for- the stator-rotor is 

tan p = N + — 

2N 

From these equations the maximimn obtainable acj v;as 

related to the rotation parameter N as shown in figure ii.. 
The ideal pressure rise for stagger angles greater than 6o° 
based on the maximum ac? obtainable as determined from 

figure ij., vfas calculated according to equations (1) to (J) 
and is presented as a function of K in figure 5. 

The foregoing criterion for the maxitnum values of' gcj 

obtainable will be applied only to the rotor herein. lu 
is assumed in the charts of figure 6 that stators can be 
■designed to operate properly v?ith a rotor loaded to the \ 
maximum values of acj obtainable. In the stator-rotor 
and rotor-stator configurations, the val’ue of acj 
required for the stator is larger than that of the rotor 
when the mean velocity of the rotor is greater than that , 
of the^ stator. Tests of entrance vanes in cascade (refer- 
ence Ij.) indicate that because of the pressure drop, axially 
entering air can be deflected efficiently up to angles 
of 80°. Thus, no difficulty would be encountei’ed in the 
design of the stators for the stator-rotor configuration. 

In the rotor-stator configuration, the stator must act 
in a pressure-rise condition similar to that of the rotor 
and the same criterion for maximum values of acj 

obtainable would apply. As mentioned previously, unpub- 
lished data of cascade tests indicate that values of ac? 

greater than I.3 mav be obtained at stagger angles equal 
to and less than For a rotor having a stagger angle 

of 60° end operating at acj l.J, the stagger angle 

of the stator is . about ii.6^. For this condition, the value 
of aCj required for the stator Is about 1.7. The unpub- 
lished cascade tests indicate that this value of oc^, 
may be obtained. For rotor stagger angles up to 60 *^, 
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therefore, a single-stage stator inay be utilized vd.th the 
rotor-stator configuration, liihen the rotor stagger angle 
1 s larger than 6o^, the stagger angle of the statoi' is 
larger 'than 46^ and the stator is required to supply nmch 
larger values of aoi than the rotor. Thus, lor^ diffuser- 
like stators or a two-rstage stator may be required in this 
operating range to return the flow completely to the axial 
direction. Little data are available for such stators and 
it is possible that difficulty with the bovmdary layers 
at the v.alls may cause high losses. It may be noted, 
however, that a large part of the static-pressure rise 
obtainable from the rotating stre&jn behind a rotor may be 
realized even though the air leaving the stator is 10*^ 
or 20'^ to the axial direction. 


. pressijps rise obtainable with cooling fans 

With Axial Inflow 


Propeller-speed fan.- Charts showing the pressure 
rise niai^can“be attained with a typical prcpeiler-speed 
fan having the highly cambered. NACA 65 -series blower-blade 
sections are presented in figure b. These curves are 
based on the matximum aci relationship shown in figure 5* 
The charts were computed to indicate the ideal pressure- 

Po API 

rise coefficient at a fan section diameter of 

5 feet and a fan rotational speed of I6OO rpm. For the 
free.-vortex type of fan discussed in the previous section 
the charts give the average pressure rise for stator- 
rotor and rotor-stator fans of 5 “foot hub dis.meter and 
1600-rpm rotational speed. The chart for the rotor alone 
(fig. 6(c)) does not give values of the average pressure 
rise, since no outsi-de diameter has been designated, but 
indicates the pressure rise to be expected at the hub of 
a rotor of 5-foot hub diameter operating at 160O rpm. 

The average rotor pressure rise, if desired, may be found 
from eqi.\ation (li). The ordinates and curves of the charts 
have tvJo designations and for the typical propeller-speed 
fan the first deslgnati on is used. The second designation 
generalizes the charts with respect to the determination 
of pressure rise for fans of any diameter and rotational 
speed and is discussed subsequently in the section "Fan 
Charts and Illustrative Example." The charts (fig. 6) 
show the ideal pressure-rise coefficient based on free- 
stream dynamic pressure that may be obtained for several 
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fan-velocity ratios Vf/Vo through a flight velocity 
range of 120 to I 4 .OO miles per hour. The pressure-rise 
coefficient is shown to increase with increasing fan- 
velocity ratio for the rotor-stator and stator-rotor. 

For the rotor the pressure rise increases with fan- 
velocity ratio in the low flight- ve loci ty range but 
decreases in the high flight -velocity range and actually 
is negative at very high fan-velocity ratios. This 
phenomenon results because, at low stagger angles, the 
blade operating at a high ccj turns the air through 

such a large angle as to cause most of the energy input 
to be converted -to rotational energy rather than to 
static-pressure rise. 


Charts shov^ing 

Po ^Pi . . 

cient that 

pf <Jo 


the ideal pressure-rise coeffi- 
may be obtained for a typical 


propeller-speed fan of the previously mentioned dimen- 
sions with blades of low-cambered sections (p^i ~ 0 * 7 ) 

are shown in figure 7. At a given flight velocity, the 
pressure rise is noted to increase with fan-velocity 
ratio for the stator-rotor and rotor-stator, and also for 
the rotor alone over its practical operating range. 


The ideal pressure rise in inches of water that may 
be obtained by the typical propeller-speed fai'i at several 
altitudes is shown in figure 8 for the fan' velocity 

^f 

ratio ~ = 0.6. Army standard air density was used In 
o 

these calculations. The figure shows that for a given 
fan-velocity ratio the value of obtainable pressure rise 
increases with Increasing .flight velocity, and that the 
highly cambered sections (maximum obtainable dcj) 
furnish considerably higher pressure rise than the con- 
ventional low-cambered sections = O-?)* It is also 

evident that the greatest pressure rise is obtained with 
the stator-rotor configuration, and that this type of fan 
should be used when the rotational speed is limited, if 
the highest pressure rise obtainable is desired. The 
propeller-speed fan appears to provide sufficient cooling 
at low altitudes. At high altitudes, the pressure rise 
obtainable is small. 


Geared fan .- The effect on ideal pressure-rise coef- 
fi cient of changing the rotational speed is shown in 
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rigur 6 Vvlierein it is evident that large increases in 
pressure rise may be obtained by gearing the fan. 


The maximum fan pressure rise that may oe achieved 
b|r rotating the fan at high speeds is limited oy com- 
pressibility considerations. In reference 2 a method is 
given of solving for the inaximum pressxire rise a.nd rota- 
tional speed of a fan of known dimensions, quantity flow, 
and oci at the hub, the mean relative velocity at the 
tip being set equal to some fraction of the velocity of 
sound. The results presented in reference 2 also proved 
that, for fans of hub-tip radius ratio x^, greater 
than 0.707, the greatest pressure rise may be obtained 
from the rotor-stator configui’atlon. 


The HACA 65-series blower-blade sections are new 
being investigated in high-speed flow. Preliminary 
indications are that the critical mean relative Mach 
number ¥//a will be between 0.6 and 0.8, depending upon 
the section camber and loading. 

Calculations were made by the method of reference 2 
of the maximum ideal pressure rise of a rotor-stator 
of Xh = 0.75, (001)^ = 1 . 0 , and mean relative Mach 


number ? = 0.6 and 0 . 8 . The fan was also assumed to be 
in an inlet. The density ratio Pf/Po calculated 

frvora the equation 



w'hich was derived from .Bernoulli's equation for a com- 
pressible fluid. (See reference 5 *) calculations 

were made for a flight velocity range of IZO to . ^ 

•per hour, for altitudes from, sea level to 4.0,000 feee, 
rQu fan— velocity ratios irom 0.2 bo 1.0. ihe resu 
showed that the pressure rise obtainable and the maximum 
tip speed at a given W/a varied only 5 percent through 


kOO miles 


ts 


the calculated —-range at 

In figure 10 (a)' is shown the 
pressure-rise coefficie;nt wi 


any altitude and flight speed 

variati-on of maximum ideal 
th flight velocity and 
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Vf 

altitude for = 0,6, which may be considered typical 
^o 

for values of = 0.6 and 0.8. In figure 10(b) are 
values of maximum tip speed (in terms of ndQ^^ for con- 
venience) required to give the maximimi pressure rise 

Vf 

for y— =0.6. The maximum ideal pressure rise in inches 
''o 

of water, computed by using Array standard air, is pre- 
sented in figure 10(c), and the pressure rise at any 
altitude is shoi^m to be almost constant over the flight- 
velocity range at a given value of mean relative Mach 
number. The maximum ideal pressure rise is shown to be 
approximately 93 Inches of water at sea level and 
18 inches of water at 40,000 feet in Arm;/ standard air 
for a mean relative Mach number at the tip of 0.8. Fig- 
ure 10 may be used to determine quickly vrhether a single- 
stage fan can furnish a required pressure rise. For 
example, at an altitude of 30^000 feet j.n Army standard 
air and at a flight velocity of 300 miles per hour, a rotor— 

W o 

stator of 3.5— foot outside diameter, with a value of — = 0.8 

^ a 

at the tip, can supply a maximum ideal pressure rise of 
about 27 Inches of water, at a rotational speed of approxi- 
mately 4700 rpm. 


With Rotational Inflow 

General remarks .— When the inlet to the fan is doim— 
stream of the propeller, the resulting rotational inflow 
may affect appreciably changes in the ideal pressure rise 
and blade-angle setting for any design value of acj . 
Scanty experimental evidence available (British) indicates 
that the inflow angle 6, resulting from an initial 
rotational velocity u^^, where 


1 ^P 

6 = tan“^ — 

^f 

may be as large as 45*^. Most of the rotational Inflow 
is probably caused by the rotating boundary layer on the 
spinner and the interference at the blade root and spinner 
juncture; therefore, theoretical prediction does not 
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appear feasible. The analysis' treats only the change in 
static-pressure rise from immediately upstream to iKuae- 
diately dovvnstreain of the fan. In estimating the total 
pressure available for cooling,, the total energy of the. 
flow directly behind, the propeller must be known. Values 
of 6 and Uj, are defined as positive v/hen the inflow 

rotation is in the same direction as the fan rotation and 
as negative vi/hen the inflow rotation is in the opposite 
V direction to the fan rotation. Use of the charts to 
estimate rotational inflow effects requires that the 
value of 6 be known or assumed. 


QGt of initial rotational inflow on stator-rotor . - 
Initial rotational inflow increases the ideal pressure 
rise obtaln'lle directly across the stator-rotor con- 
figuration. In this configuration a pressure drop is 
experienced through the stator, and the initial rotation 
decreases the press'..;re drop. The Increase of pressure- 
rise coefficient is derived in ap.pe.ndix A as 



( 6 ) 


Equatio.n (6) is. plotted in figure 11. .Significant 
increases in ideal static pressure rise are seen to be 
obtainable at high angles of inflow and the higher fan- 
velocity ratios. 


Ef fect of initial rotational inflow on rotor-stator 
and rotor pressure rise.- The effect of rotational inflow 
on the rotor and. rotor-stator ideal pressure rise at a 
fan blade element is shovm in figure 12 for Inflow I’ota- 
tlonal direction the same as the fan. rotation and in 
figure 15 for inflow rotational direction opposite to the 
fan rotation. The effect is presented as the ratio of 
the change- of pressure rise due to rotational inflow to 
the pressure rise 'with zero rotational inilo’w. The curves 
are plotted for, constant values of stagger pQ of the 

fan, that is, the stagger angle for zero rotational 
infiov/, where 


= tan"^ N 

* yj 
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for constant values , of oci equal to 0.7> 1.0, and 1.5* 

It Is assvmied in the.se curves that the original acj is 

obtained by changing the fan b.lade- element angle and that 
the stator element of the rotor-stator , is. reset to rerao.ve. 
all the rotation from the final, stream. The method of 
calculating the curves is presented in appendix B. 

For the rotor alone, inflow rotation in the same 
direction as fan rotation decreases the obtainable pres- 
sure rise and inflow rotation in the opposite direction 
increases the obtainable pressure rise. 

For the rotor-stator, inflow in the direction oppo- 
site to fan rotation also increases the obtainable pres- 
sure rise. Vtfith inflow in the sam.e direction as the fan- 
rotation, a decrease or. increase of obtainable pressure 
rise may be realized by the rotor-stator, depending on 
the region of fan operation. An increase takes place 
when the increase of rotational energy behind the rotor 
is greater than the rotor static-pressure-rise decrease 
caused by decreasing the stagger. 

Because a value. of acj = l.J is not obtainable at 
stagger angles greater than 60®, curves showing the effect 
of initial rotational inflow on the rotor-stator and rotor 
ideal pressure rise for maximum .obtainable ocj, as 
defined in figure I4., are presented in figures lij. and I5. 

PAN CHARTS AND I.LLUSTRATI VE ' EXMPL'E . 

Charts for Determining Pressure-Rise Coefficient • 

The curves of figures 6 and 'J , with a few modifica- 
tions in notation, may be used to determine quickly the 
maximum obtainable ideal pressure rise (based on the 
acj relation of fig. 3) or the ideal pressure rise 
obtainable w?ith a low cambered blade (dcj =0.7} of 
constant- velocity fans of given, hub diameter ,- rotational 
speed, and fan- velocity ratio Vf /V q, In the flight- 
velocity range between 120 and I4.OO miles :per hour. In 
order to make the charts applicable, to any fan the lines 
of constant ..fan- velo city are designated Kx> where 
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K 


1 


- i 1^00 Zl 

”■<3 Vo 


The ordinate of figures 


6 and 7 then becomes 



The derivation of the coefficients K]_ and K2 is pre- 
sented in appendix C. The use of the curves is facilitated 

Api APi 

by charts for determining K]_ and — — from K2 ■y ; — > 


'■o 


'■o 


which are presented in' figures 16 and 1 ?. Thus, in order 
to fi.nd the maximum pressure-rise coefficient obtainable ■ 
at a flight velocity of JOO miles per hour from a stator- 
rotor of 2-foot hub diameter, 5600-rpm rotational speed, 

Vf 

and TT* = O.I|-, Ki - 0.27 is first determined from 


Vo 

figure 16. Next, 


P, 


o 


Pf 


■2 


ap-i 


^0 


0.50 is obtained in 


figure 6(a), and finally from x'igure 17(a) it is deter- 

^o 


mined that — ^ ^ I.iIl. 

Pe q. 


In order to facilitate the determination of the 
effect of rotational Inflow for rotor-stator and rotor- 
alone configurations, a plot of pQ as a function of K]_ 

and flight velocity is presented ^in figure I8. 
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Illustrative Sxample 

The discussion of the previous sections will he 
illustrated hy the estimation of fan performance for an 
airplane cruising at 220 miles per hour at an altitude, 
of feet. A fan static-pressure rise of 12 inches 

of water is assiimed to be required for cooling and in the 
example, the following values are determined: 

( 1 ) the maximum pressure rise obtainable with 
propeller-speed fans of the stator-rotor, rotor-stator, . 
and rotor configurations 

( 2 ) the rotational speed necessary for each fan 
configuration in order to supply the .required pressure 
ri se 

The estimations are first made for zero initial rotational 
inflow; the effect of an Inflow of 20 ^ on the pressure 
rise at the hub section is then determined. The as sump- . 
tion is made that the propeller-speed-f an rotation is in. 
the same direction as the propeller rotation,, whereas the 
geared-fan rotation is opposite to the propeller rotation. 

The following data, based on an actual cooling- 
installation, were assumed: 

Altitude (A.rmy standard air), feet ^^,000 

Atmospheric densit;/, Pq , slug per 

cubic foot 0.000670 

Plight velocity, mph 220 

Plight Mach number, Mq. . . O .52 

Propeller-speed-fan rotational speed, rpm 1125 

Pan hub diameter, feet . . . 2. JO 

Pan- velocity ratio, • • ..... O. 6 O 

Propeller rotational inflow, 6 , degrees. ..... 20 

Required fan pressure rise, Ap, inches water ... 12 

Pan efficiency, ri O. 8 O 

Required ideal fan pressure-rise . 

APi 

coefficient, 

The steps taken in the calculation- are presented in 
table I and the results of the calculations are as fol- 
lows : 


2 .2ij. 
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Stator-rotor iRo tor-stator | 

I 1 

Rotor 

Propeller-speed fan 

APi 

^0 

for 

6 = 0 ° 


0.52 

0.56 

0.18 

Ap^ 

for 

6 = 20° 


.56 

.58 

.01 

Geared fan 

Fari 

for 

speed 
6 = 

(rpm) 

Ao^ 

qo — £ 

’ qo 

=■ 2.2iq 

3180 

ij.0i|0 

ii 750 

APi 

for 

6 = -20° 


2.28 

2 .il 9 

2.8J 


The propeller-speed fan does not supply sufficient pres- 
sure rise for cooling and a geared fan is required. 


CONCLUSIONS 


An analysis has been presented of the pressure rise 
obtainable with single-stas;e airfoil-type cooling fans 
utilizing highly cambered o5-serles blower-blade sections. 
The fan arrangements considered were a stator-rotor, a 
rotor-stator, and a rotor alone. Several conclusions of 
importance in the selection of cooling fans may be drawn, 
as follows; 

1. The cooling pressure rise obtainable with a 
propeller-speed fan is large at low altitudes, and may 
be sufficient for most installations. At high altitude, 
the obtainable pressure rise is small. Of the three fan 
configurations operating as propeller-speed fans, the 
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hlgbes-fi pressure rises may be obtained v*ith the stator- 
rotor arrangement. 

2. The pressure rise obtainable with a propeller- 
speed fan increases with increasing fan-velocity ratio 
at a given flight velocity. 

3 . The pressure rise obtainable v^ith a fan of which 
the rotational speed is limited by compressibility effects 
is a.lmost independent of fan-velocity ratio and flight 
velocity. The maximum ideal pressure rise is approxi- 
mately 95 inches of water at sea level and I 8 inches at 
ij-OjCOO feet, in Army standard air for a mean relative 
Mach number at the tip equal to 0.8. 

k. With the fan blades adjusted for satisfactory 
operation in rotational inflo'w, the pressure rise 
obtainable directly across stator-rotor will be increased 
by rotational inflo'w in a direction either the same as 
or opposite to the fan rotation. The pressure rise 
obtainable with a rotor alone will be decreased by rota- 
tional inflow in the direction of fan rotation, and 
increased by inflow in the opposite direction. The pres- 
sure rise obtainable with a rotor-stator may be either 
increased or- decreased, depending on the operating region, 
by inflow in the direction of the fan rotation and v/ill 
be increased by inflow rotation in the opposite direction. 


Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va . , January, I 6 , 19if6- 
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APPENDIX A 


DERIVATION OP THE EFFECT OF INITIAL ROTATIONAL INFLOW 
ON STATOR-ROTOR PRESSURE RISE 


For the stator-rotor configuration (see fig. 1), the 
ideal pressure drop through the stator at 6 = 0*^ may be 
expressed by use of Bernoulli's equation as 


^^Is 




'When- an initial rotation exists upstream of the 
stator, the pressure drop is 

^Pls’ " I 

Inasmuch as the rotational inflow only affects the 
pressure rise through the stator, the increase realized 
in ideal pressure rise for the stage because of initial 
rotation is, in coefficient forra. 


( '’t Y . V 2 

\.cos 67 ^ 


Ap^ ' - APj^ 


cos' 


1 


or, in terms of free-stream 
Ap^' - Ap^ pf 



dynami c pres sure , 
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APPENDIX B 

METHOD OP CALCULATING EFFECT OP INITIAL ROTATIONAL INFLOW 
ON ROTOR -STATOR AND ROTOR PRESSURE RISE 


The effect of initial rotational inflow on the ideal 
pressure rise of the rotor-stator and rotor configurations 
was determined in the following manner. The rotor may be 
considered a device that turns the air through an angle 9 , 
(See fig. 1.) The relation between crcj , the stagger 
angle and the turning angle 9 is, if drag is 

neglected. 


2 f tan 6 ~ tan (6 — 6 ) ! 

^1 + ^1 tan 3 + tan (3 ” ® )] 

A plot of 6 against 6 for constant values of acj 

equal to 0.7, 1.0, and 1.3 as determined from this equa- 
tion is presented in figure 19. The ideal static- 
pressure rise across the rotor as a function of stagger 
angle and turning angle may be written as (reference l) 


ApA 

°*f/ 


9 

COS-3 


cos~(3 - 0 ) 


(7) 


The ideal pressure rise across the stator is, if all 
rotation is assumed to be removed, equal to the kinetic 
energjr of the tangential flow behind the rotor, or 



= [tan 3 q 


tan (3 - 0)]^ 


(8) 
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The ideal pressure rise for the stage is 



( 9 ) 


Vvhen an initial rotation exists upstream of the stage, 
the stagger is altered and may be fot;nd from 

tan p =. tan Pq “ S' 

For a given acj the new value of turning angle may then 

be determined in figure 19 and the pressure rise may be 
computed by substituting the altered values_of stagger 
angle and turning angle in equations ( 7 )> (t!)> ( 9 )‘ 
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APPENDIX C 


DERIVATION OF THE FAN PmPORMANCS 
'COEFFICIENTS, Ki AND K 2 


Consider trie cha.rts In figures 6 and 7* When the 
fan section diameter and rotational speed are specified 
as 3 feet and 1600 rpm, respectively, a given value 
of Vf /V q and flight velocity Vq fixes the value of 

the rotational parameter N. Since /q.p is a function 

of N for a given acj relationship, the ordinate was 
computed by 

Pf 'lo " '^f Vo/ 

When any other fen diameter and rotational speed are con- 
sidered, the same relation betv/een N and APj_ in 

the charts may be retained by redesignating the lines of 
constant Vf /V q 

_ 3 1600 V 
I'l = i 


a Pi 

The ordinate becomes K 

qp 

stream dynamic pressure, 

£Pi / V Y ( 1600 
Qf V/o/ \ n 


•n V,- 


or in terms of free- 


i\^ pQ 


5) 


-K' 


d7 pf q^ 


where 
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TABLE I 

ILLUSTRATIVE EXAT/IPLE 














26 


MCA TN No. 1199 


TABLE I 

ILLUSTRATIVE EXAMPLE - Concluded 


Item 

Source 

Stator- 

rotor 

Rotor- 

stator 

j 

Rotor i 

a. _] 

i 

■Geared fan; 6 = 0 ° '| 

. - _ i 

1 

( 10 ) 

A Pi 

(required) 

^0 

Specified 

2 , 2 k 

2.24 

2.2k 

(11) 

AP:! 

~ o. 

°f 

Po A Pi ^V.^Y 

pf V'^f/ 

6.01 

6'. 01 

6.01 

,( 12) 

Nh 

Fig. 5 

1.98 

2.51 

2.9k 

(15.) 

Rotational 
speed, rpm 

60Vo(^ ) 

Item ( 12 ) X 

Trdh 

5180. 

kOliO 

k 750 



Geared fan; 6 = - 20 ^ 



— 

(lli.) 

pQ Api ' - APj^ 

Pig. 11 

O.Oij. 



Pf 1o . 



( 15 ) 

1 

!(i6) 

1 

Pojj. deg 

' Pig. 16 
Fig. 18 


0.51 

68 

0.26 

71 


( 17 ) 

' - SPi 

Pig. 15 


. 11 

.25 

APi 



A M 1 

Items {jii)x( I4) J+( 10 ) 
Items [( 10 )x( 17 )] + ( 10 ) 

2 28 



(18) 

ri ' ! 


2.I4.9 

2.80 


0 



NATIONAL- ADVISORY 
COI/n'/ilTTEE FOR AERONAUTICS 





Fig. 2a 


NACA TN No. 1199 



I 


Figure 2.- Variation of ideal pressure-rise coefficient with N for stator-rotor 
rotor-stator, and rotor at <rc, of 0.7, 1.0, and 1.3. (From reference 2.) 
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Fig. 2b 



/ ■■ \4 

AJ o)r 

(b) High N. < Values of n are , expressed in rps.) 


Figure 2.- Concluded. 
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30 40 SO 60 70 60 90 


Stagger ong/Oj /3j deg 


Figure 3.- Variation of maximum obtainable 

stagger angle. 


with 



Fig. 4 



Figure 4.- Variation of maximum obtainable o-c^ with N for stator-rotor 

rotor-atator, and rotor. 
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Fig. 6a 



(a) Stator-rotor. 

Figure 6.- Variation of maximum obtainable ideal pressure 
rise coefficient with Vf/V^ and flight velocity for 
typical propeller-speed fan. 
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Fig. 6c 




Fig. 7a 
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Figure 7.- Variation of maximum obtainable ideal pressure-rise coefficient with 
Vf^Vp and flight velocity for typical propeller-speed fan with low cambered 
sections, crc^ = 0.7; dj^ = 3 feet; rotational speed, 1600 rpm. 
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Fig. 8a 





(a) Stator-rotor. 


Figure 8.- Variation offan pressure rise in inches of 
water. Army standard air, with flight velocity and al- 


titude fo 
1600 rpm. 


r ^ypical propeller-speed fan, d^ 

- 0 . 6 . 


» 3.0 feet. 



Fig. 8b 



(b) Rotor-stator. 















Maximum obtainable <tc 
crc>=0.7 . ^ ^ ^ ^ 


Fig. 9 
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Figure 14.- Ratio decrease of ideal pressure rise for rotor and rotor-stator due 
to initial rotational inflow in the same direction as fan rotation for maximum 
obtainable rC;. 
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Fig. 15 




ure 15.- Ratio increase of ideal pressure rise for rotor and rotor-stator due 
to initial rotational inflow in the direction opposite to fan rotation for 
maximum obtainable ac;. 
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Fig. 16b 


■ 


BBB 

■Hlflllll 

II 


■■ifllllll 

■ 


■lllfilllll 

'■ 


■Ififllllll 

■ 


■ffillJlII 

■ 


■Vlfllll 

■ 


■riiiiii 

■ 

B 

nrfiiiHi 

■ 

B 

ijffifijriii 

■ 


rifjiifiiv 

■ 


ffiriiiiii 

■ 


flliUlll 

■ 


nriiiiiiii 

■ 


MfiMfiMIIB 

V/NV/llWIIB 

B 

B 

B 

nrifjMiiiB 

BfirirfiiiiB 

nriviiiiiiB 

fJBBIlliriB 

RiiMririiiB 

rjrjvnnflB 

BBBBBBB 

fififiwmmm 


saealisflBiiiBifHaimHaB 
iHBaRSilgaB!Saa!&eHSBB 
igBpaBSBBBaBBaBBBBBBflBB 
•BBaiBBiiBagBiSilBBBBBBB 


iBBilBiBHflBKBflBBHBBKBnBBMBilKBnBflllBflWBlIBBiB 
BBBIBBBHBBBB0BnnBBNBNKflnBflllBBHfli1IW H fl IBBBfl 
flBKBBBBBBBnBBBBBHBBKflLlMBklKflnB'flllli'flllBBilBBB 
flBflKBBHBBBBBBBBHBBNflBnBBilBBnBmflBIIBflilBBB 
BBBBgKBHKBBKflBHBBnBBNBBnBflklBflWBlIWBHIIBBB 
BBBBBBBBBBKBBKflBKIBBnBBnHBklKBMUiBlIBBtlllBBB 
BBBBBBBaKfliIBBBHHflBnBBnHBBnflBkWflniIBBliBBBB 
BflflBBBKBBBKflBBBBnKBnnBflilMBflnimBkWBnilBBBB 
BBBBBBBBKBBBKBBBIKBBnBBnnBfliaiWBaiWflllllBflBB 
BflBBBBBBflBKBBBKBBBKBBIilKBBnMBBHlIBBHIinBBBB 
BBBBBBEBBBBBKBBnHBBBnKBnnNBBiini’BiinilBBIIBfl 
BBBBBBBBKBBBBKBBSlBHBninnHBBnHraBnklHBBIBB 
..BBBBBflflBBliKBBBHBKBBBnHBlBnHBBBnHHBflllllBB 
BBBBBBBBBBBBBHKBBBHBKMiMnKIKBmilMHBflMIlIBB 
■■■■■■■■■iiiBSBHKiiPBHnKKBBBHIlIllBBiWIIIlIBB 




IBBBflBBBHBBBBBBHHBHBHHniUllinilllBB 

IBBBBSMiiiKKBnnninklBBWHniUllllIBBl 

IBBBBKKBBaBBSHHHinnitlMHHIIIir 
IBBBBHIBBBBiiHIBnnBHWMnklflHIIIII 


— isiNKNOiaiAniituiiiir 



Fig. 17a 
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Fig. 17b 



Figure 17.- Concluded. 
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Fig. 18 


NACA TN No. 1199 



Sop c Og^ < 


F/i^/)/ \^e/oc//y jmp/7 

Figure 18.- Variation 'of /3 q with and flight velocity 
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Fig. 19 



Figure 19.- Variation of turning angle with stagger angle 
for a-Ci -0.7, 1.0, and 1.3. 



